Abstract. -The dynamics of colloidal star -linear homopolymer mixtures is investigated by photon correlation spectroscopy. In dilute star solutions, osmotic forces due to the added polymers lead initially to a shrinkage of the stars and eventually, at higher polymer concentrations, to stable star clusters. Furthermore, concentrated glassy star solutions melt upon addition of small amounts of linear polymers, as manifested by the remarkable speed-up of the star selfdiffusion. Quantitative description of the experimental findings is provided by calculations of the effective star-star pair potential.
Colloidal suspensions in which interparticle interactions may be tuned from short-range repulsions to short-range attractions have emerged as a valuable tool for the study of fundamental problems in condensed-matter physics such as the glass transition [1] . To date, mixtures of hard-sphere colloidal particles with non-adsorbing polymer are widely used to study the effects of short-range attractions [1] [2] [3] , introduced via the depletion mechanism [4] , on the properties of the suspension. On the other hand, multiarm star polymers [5, 6] have emerged as model colloids interacting via an ultrasoft potential [7, 8] . The stars exhibit dualcolloidal and polymeric-character manifested in their macroscopic properties such as phase behavior [8] [9] [10] , relaxation and flow [11] and thermal gelation [12] . A striking phenomenon recently observed in these star systems is the melting of the dense glass when a small amount of linear chains is added [13] . Similar glass melting phenomena have been observed recently by dynamic light scattering in hard sphere -polymer mixtures [14] in agreement with mode coupling predictions [15] . These studies have revealed the richness of physical phenomena emanating from the interplay between repulsive and attractive colloidal interactions, which are both of fundamental interest and technological importance.
Here we explore via Dynamic Light Scattering (DLS) the effects of depletion interactions in a star solution. We show that osmotic forces exerted by the linear polymers shrink the stars and, as the polymer concentration increases, yield stable star clusters. Moreover, DLS directly shows that the addition of small amounts of linear chains to a star glass leads to melting. Theoretical calculations of the effective star-star interaction predict accurately the reduction of the range of their mutual repulsion, and the clustering of the shrunk stars due to the emergence of short-range attractions.
A regular 1,4-polybutadiene (PB) star (code st) with f = 122 arms, synthesized via hydrosilylation chemistry [5] , and a similar linear 1,4-polybutadiene polymer (code lin) were dispersed in cyclohexane, an athermal solvent. The weight-average molecular weight of the star arm was 72000 g/mol and that of the linear polymer 155000 g/mol. Their hydrodynamic radii, R Figure 1 illustrates a dynamic phase diagram with the characteristic regions of distinct behavior. Region B is the pure-star solution whereas regions A and C correspond to st/lin mixtures with increasing polymer concentration, at a fixed dilute and high star concentration, respectively.
The intermediate scattering function C(q, t) = (G(q, t) − 1)/f * (with G(q, t) the autocorrelation function of the polarized light scattering intensity and f * ≤ 1 an instrumental factor) was measured at several scattering wave vectors q with a multi-tau correlator (ALV-5000E) using an Nd:YAG laser (λ = 532 nm, 100 mW). C(q, t) was analyzed via an Inverse Laplace Transform (ILT) using the CONTIN algorithm [16] and the average relaxation times were determined from the peaks of the distribution of relaxation times. Such a procedure allows the analysis of multi-mode correlation functions [17] especially when fast relaxation processes of polymeric origin preclude the use of cumulant analysis. The viscosity data were collected with a strain-controlled rheometer (ARES, Rheometric Scientific). Figure 2 shows the evolution of C(q, t) at q = 0.033 nm −1 in a pure-star solution (regime B) as the star concentration, c st increases (curves 1-3). Much below the overlap concentration, c * st , star-star interactions are negligible and the decay of C(q, t) reflects the free star selfdiffusion. At higher concentrations where the correlations between stars cannot be discarded C(q, t), in general, reflects cooperative dynamics. Around c * st (curve 2) C(q, t) starts exhibiting a two-stage decay through a fast and a slow diffusive modes; while the fast decay is the cooperative diffusion of the star arms, the slow mode is identified with the restricted self-diffusion of the star [17, 18] which slows down dramatically as a result of the progressive caging of the stars. The cooperative mode, dominating the short-time dynamics of C(q, t), speeds up with increasing concentration in agreement with previous measurements in multiarm star solutions [11, 17, 18] as expected for the cooperative diffusion of polymers [19] and colloids [1] in solution due to the increasing osmotic pressure. The star self-diffusion is detectable by DLS due to polydispersity-induced incoherent contribution in the dynamic structure factor, as proven before [17] through a comparison with pulse-field gradient NMR self-diffusion data. At higher concentrations (curve 3), C(q, t) does not decay fully for t < 100 s reflecting the transition to a non-ergodic state due to the kinetic trapping of the stars. Note that curve 3 of fig. 2 measured at high q indicates a slow relaxation for t > 100 s while measurements at lower q do not show any decay within the experimental time window. Such a freeze-in of the long-time star selfdiffusion is in agreement with recent rheological measurements indicating a solid-like behavior at similar c st [13] and with relevant theoretical mode coupling (MCT) predictions [20] . Figure 2 (curve 4) demonstrates that the addition of a tiny amount of linear chains (c lin /c * lin = 0.043) to the star glass yields melting, as manifested by a dramatic acceleration (over three decades) of the star self-diffusion. This spectacular increase of diffusivity is a direct microscopic manifestation of the macroscopic solid-to-liquid transition observed by rheology [13] ; it indicates that, in the presence of osmotic forces due to the added polymer, the once kinetically arrested star colloids are essentially released from their cages and allowed to diffuse out of them in a manner reminiscent of the melting of a hard-sphere glass when a shortrange attraction is added [14] . Yet, in the range of c lin investigated here there is no indication of a re-entrant transition to an attractive glass, in contrast to observations in hard-sphere polymer mixtures [14] . There is no a priori reason to expect the occurrence of an attractive glass in our system. The size ratio, ξ = 0.44 is too high [14] and the relative mobilities of the two species are not too dissimilar [21] . Yet, whether an attractive glass is present in soft particle mixtures even at conditions of high size -and mobility-asymmetries remain to be clarified.
The star dynamics were monitored in st/lin mixtures (regime A) where the star concentration was kept low (c st ∼ = 0.05c * st ). Under such conditions the stars may be considered as independent probe particles in a linear polymer solution matrix and thus their self-diffusion is still detectable by DLS through the refractive index mismatch between the stars and the linear polymer solution. While at low c lin , C(q, t) reveals a single exponential decay, as c lin increases a faster relaxation appears corresponding mainly to the linear chain cooperative diffusion; note that cross scattering between linear polymers and stars may have a small influence only on the fast mode. Figure 3 The concentration dependence of the normalized scattered intensity (at q → 0) attributed to the linear chains, I lin , and stars, I st , is shown in fig. 3b ; it is calculated from the area of the corresponding ILT peak [11, 17] . Note that scattering from the star dominates over that from the linear chains in the entire A regime allowing the accurate determination of star dynamics. As expected, I lin exhibits a maximum around c * lin due to the passage in the semidilute regime where interference effects cause a decay of I lin . Moreover, for c lin > 0.1 c * lin I st drops due to a decrease of the refractive index difference of the PB star with the linear PB polymer solution.
To rationalize the concentration dependence of D st we compare it with the polymer solution viscosity. Figure 4a fig. 4b shows the scattered intensity from shrunken stars (c lin = 0.53c * lin ) and clusters (c lin = 1.7c * lin ). For the former the radius of gyration, R g , is determined through a Guinier fit [22] while for the latter the large q-dependence of the intensity reveals, through a Debye-Bueche fit [22] , the existence of supramolecular clusters. As shown in fig. 4b , R g exhibits similar concentration dependence with the R H , implying that star-polymer interactions or cross-scattering effects are not affecting our observations. Furthemore, within a period of two weeks, the clusters did not grow in size, suggesting their equilibrium character.
These pertinent findings bear analogies to the depletion-induced phase separation phenomena in colloid-polymer mixtures [2, 4] where polymer chains induce an effective attraction between the colloids [2, 4, 14] . In the present star-polymer mixtures, the depletion attraction superimposes on the short-ranged repulsion between the stars, leading to the weakening of the latter [13, 23] ; this is manifested here experimentally by the observed shrinkage of the star. Similar effects were also observed in charged and neutral microgel particles [24, 25] ; however, in the former case the behavior is further complicated by the presence of counterions while in the latter case the observed effect was much smaller. At higher c lin , the shrunken stars acquire, due to the osmotic and correlation effects of the chains, two new features in their effective interaction. There is an osmotic attraction followed by a repulsive hump induced by the accumulation of the interacting chains in the inter-star region. These features lead to the formation of stable star clusters. The reduction of the star size in the present st/lin mixture, where only entropic forces come into play, may be rationalized by a simple osmotic pressure argument analogous to that in ref. [24] . The increase of c lin enhances the osmotic pressure on the stars [26] , resulting to an increase of the monomer concentration in the outer blob region through shrinkage of the star so that a higher osmotic pressure inside the star [27] balances the external. Clustering can be further understood in the framework of an effective interactions approach [8] based on the calculation of the effective interaction potential, V eff (r), between two stars embedded in a polymer solution, related to the star-star radial distribution function g 11 (r; ρ 1 , ρ 2 ) through V eff (r)/k B T = − lim ρ1→0 ln[g 11 (r; ρ 1 , ρ 2 )]. The calculation of g 11 (r; ρ 1 , ρ 2 ) with 1 denoting the stars and 2 the linear chains, has been carried out via the Hypernatted Chain Approximation [8] . For the effective interaction, υ 11 (r), between stars of size σ and functionality f, the logarithmic/Yukawa potential [28] was used, while for the polymerpolymer interaction we used υ 22 (r) = 1.87k B T exp[−(r/τ ) 2 ], with τ = 1.13R g (lin) [29] . The cross-interaction, υ 12 (r) = 1.387k B T (r/ξ p ) −12 with ξ p = σ/2 + R g (lin)/2 + 1/ √ f and σ = 1.26R g (st) [13] , attains a value of about k B T at the distance σ/2 + R g /2, while for larger separations it rapidly decays to zero, reflecting the disappearance of notable interactions for non-overlapping particles. The resulting V eff (r) is depicted in fig. 5 , for ξ = 0.44 and varying c lin . The increase of c lin reduces the range of repulsion and eventually yields an attractive part in V eff (r) in quantitative agreement with the experimental observations of cluster formation. A remarkable feature of V eff (r) at c lin > 0.31c * lin is the appearance of a weak repulsive barrier preceding the attraction, which is attributed to the finite energy needed to expel linear chains accumulating between two stars, pushed together by the external osmotic pressure. Similar effects arise in binary hard-sphere mixtures [30] . Finally, the inset of fig. 5 shows the calculated evolution of the star-star structure factor at c st /c * st = 0.053 upon addition of linear chains. Whereas at low c lin a single peak is seen, for c lin /c * lin > 0.65 a broad peak at smaller q appears, indicating larger length scale spatial correlations related with the typical cluster-cluster separation. Upon further increase of c lin , this new peak is enhanced and moves to lower q's, indicating a sharper cluster formation, an increase of the average cluster-cluster separation and thus an accumulation of more stars within a cluster. This is consistent with the R H and R g data ( fig. 4) showing an increase of the clusters' size with c lin once they have formed. In agreement with the observations, the clusters are thermodynamically stable: S 11 (q) still has a local minimum at q = 0 and the system is therefore safely away from incipient spinodal or binodal lines. Moreover, in the absence of the repulsive hump in V eff (r), S(q) would not be expected to show a pre-peak at finite q but rather to develop a peak directly at q = 0. Calculations of S(q) at yet higher concentrations, beyond the experimental ones, reveal a clear enhancement of these effects.
We have demonstrated the effects of depletion-induced short-ranged attractions in model soft colloids exhibiting short-ranged repulsions. For 0.01c * lin < c lin < 0.5c * lin the external osmotic pressure of the linear polymers shrinks the stars by about 30%, whereas at higher c lin it yields thermodynamically stable star clusters; the latter are less sharply defined than the ones obtained for hard particles with deep, short-range attraction and a weak, long-range repulsion [31] . Both effects are explained by an initial decrease of the range of repulsions and a subsequent development of an attractive part in the effective star-star potential. At high c st , in the glassy state, the distinct speed-up of the star self-diffusion upon polymer addition signals the melting of the glass due to the decrease of the star size as well as to the attraction induced between the stars. These findings clearly demonstrate the versatility and richness of phenomena present in soft colloidal systems and underline their distinct features compared to their hard counterparts. Therefore, they provide the necessary tools for tailoring the flow properties in a wide range of suspensions. * * * This work was partly supported by the EU (RTN-2000-00017, HPMF-CT-2002-01959 ).
